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INTRODUCTION
Benzothiazolium groups have been used in organic dyes as either electron withdrawing or electron donating substituents, depending on whether the N atom is cationic or not [1] . Various thiazole derivatives show herbicidal, antiinflammatory, antimicrobial, and antiparasite activity [2, 3] and also liquid crystal properties [4] .
The aim of this work is to describe and investigate the molecular and crystal structure of the new synthesized compound by a complex of physical and chemical methods, including IR and UV spectroscopy and X-ray single crystal analysis and ab initio quantum chemical calculations of the compound with the formula C 18 H 23 NS. A number of papers have recently appeared in the literature concerning the calculation of vibrational assignments by quantum chemistry methods [5] [6] [7] [8] [9] .
These papers indicate that geometry optimization is a crucial factor in an accurate determination of computed vibrational frequencies. Moreover, it is known that the DFT (B3LYP) method adequately takes into account electron correlation contributions that are especially important in systems containing extensive electron conjugation and/or electron lone pairs. However, considering that as the molecular size increases, computing time also increases. The DFT level was used to optimize computing time.
In this study, we present the results of a detailed investigation of the synthesis and structural characterization of 2-methyl-4-(3-methyl-3-phenyl-cyclobutyl)-thiazole using single crystal X-ray, IR, UV spectroscopy and quantum chemical methods. Vibrational assignments, Mulliken atomic charges, thermodynamic parameters, and frontier molecular orbital (FMO) analysis of the title compound in the ground state have been calculated using the DFT(B3LYP) methods with 6-311G** (where ** is shown (d,p)) and 6-31G** basis sets. A comparison of the experimental and theoretical spectra can be very useful in making correct assignments and understanding the molecular structure relationship. And so, these calculations are valuable for providing insight into molecular analysis.
EXPERIMENTAL
Synthesis of the 2-methyl-4-(3-methyl-3-phenyl-cyclobutyl)-thiazole compound. IR spectra of the compound were recorded in the range of 4000-450 cm -1 with a Mattson 1000 FT-infrared spectrometer using KBr pellets. The compound was synthesized as in Scheme 1 by the following procedure. To a solution of thioacetamide (0.7513 g, 10 mmol) in 50 ml of absolute benzene, a solution of 1-methyl-1-mesityl-3-(2-chloro-1-oxoethyl) cyclobutane (2.6479 g, 10 mmol) in 20 ml of absolute benzene was added. After the addition of the haloketone, the temperature was raised to 323-328 K and kept at this temperature for 2 h. The solvent was removed under reduced pressure and the obtained residue was treated with water and then made alkaline with an aqueous solution of NH 3 (5%). A white precipitate was separated by suction, washed with an aqueous NH 3 solution several times, and dried in air. Single crystals suitable for crystal structure determination were obtained by slow evaporation of its ethanol solution. Yield: 63%, melting point: 373 K.
Measurement. IR spectra were recorded on an ATI Unicam-Mattson 1000 FT-IR spectrophotometer using KBr pellets. The UV spectra of the compound were measured on a Schimadzu UV-1700 spectrometer in the CHCl 3 solvent.
X-ray crystallography. The data collection was performed at 293 K on a Stoe-IPDS-2 diffractometer with graphite monochromated MoK α radiation (λ = 0.71073 Å). The structure was solved by direct methods using SHELXS-97 and refined by a full-matrix least-squares procedure using the SHELXL-97 program [10] . All non-hydrogen atoms were easily found from the difference Fourier map and refined anisotropically. All hydrogen atoms were included using a riding model and refined isotropically with C-H = 0.93-0.97 Å and N-H = 0.86 Å. U iso (H) = 1.2U eq (C, N), U iso (H) = 1.5U eq (for the methyl group).
CALCULATION DETAILS
Theoretical calculations were carried out using semi-empirical AM1, PM3, and ab initio DFT B3LYP/6-311G** and B3LYP/6-31G** quantum chemical methods [11] [12] [13] . For modeling, the experimental data were supplemented using the semi-emprical and ab initio quantum chemical calculations. The molecular geometry is restricted and all the calculations are performed without specifying any symmetry for the title molecule using the Gaussian 03 Program package [14] on a personal computer. Then the vibrational frequencies for the optimized molecular structures were calculated. No scale factor was used in the calculated frequencies. The Gauss-View Molecular Visualization program was used to assign the calculated harmonic frequencies [15] . To identify low-energy conformations, selected degrees of torsional freedom, T(C13-C10-C1-C6), were varied from -180° to +180° in steps of 10°, and the molecular energy profile was obtained at the semi-empirical AM1 and PM3 levels.
RESULTS AND DISCUSSION
Crystal structure. Details of crystal parameters, data collection, structure solution and refinement are given in Table 1 . An ORTEP-3 [16] drawing of the title compound with the atom labeling scheme is shown in Fig. 1 character so that C15-N1, S1-C16, and S1-C17 bond distances of 1.380(2) Å, 1.706(2) Å, 1.719(2) Å show the values of a single bond character ( Table 2 ). The S-C bond distances are shorter than the accepted value for an S-C(sp 2 ) single bond of 1.76 Å [17] . It is worth noting that the C17-N1 bond distance value of 1.300(2) Å falls into the C=N double bond distance region and is shorter than the C=N double bond distance found in a related thiazole ring structure [18] . Also in the thiazole ring, the C12-C13 bond distance of 1.341(2) Å shows the value of the C=C double bond character. The steric interaction between the substituent groups on the cyclobutane ring means that this ring deviates significantly from planarity. Literature values for the puckering of the cyclobutane ring are 29.03(13)° in [19] and 26.8(2)° in [20] . In this paper, the C13/C10/C11 plane forms a dihedral angle of 23.49(13)° with the C13/C12/C11 plane. In the crystal packing there is no classic hydrogen bond, however, there are π…ring interaction effects. The C8 atom of the methyl group at (x, y, z) acts as a donor to centroid the thiazole ring (Cg2) at (2-x, 1/2+y, 1/2-z, H…Cg = 2.65 Å and D-H…Cg = 155°).
Eventually, the adjacent molecules are linked to each other by the C-H…π interaction into a chain running along the b axis of the monoclinic cell (Fig. 2) . FT-IR spectroscopy. The vibrational frequencies are calculated at the B3LYP/6-311G** and B3LYP/6-31G** levels. Some primary calculated harmonic frequencies are listed in Table 3 and compared with the experimental data. As seen from Table 3 , the predicted vibrational frequencies are consistent with those from the experimental results.
Our calculations of the title compound are compared to the experimental results. The characteristic υ(CH) stretching vibrations of heteroaromatic structures are expected to appear in 3000-3100 cm -1 frequency ranges [21, 22] . In the present study, four υ(CH) stretching vibrations of the title compound are observed experimentally, as shown in Table 3 . The highest normal mode of vibration corresponds to the υ(CH) stretching in the thiazole ring, which is calculated at 3267 cm -1 for the B3LYP/6-31G** method. In thiazole, the υ(C-N) and υ(C=N) stretching modes were observed to be 1319 cm -1 and 1531 cm -1 as experimentally, and 1311 cm -1 and 1522 cm -1 for the B3LYP/6-31G* level, and 1321 cm -1 and 1547 cm -1 for the HF/6-31G* level [6] . Here this modes are found to be 1309 cm -1 and 1526 cm -1 as experimentally; 1334 cm -1 and 1578 cm -1 for the B3LYP/6-311G** level; 1344 cm -1 and 1591 cm -1 for theB3LYP/6-31G** level. These results indicated some band shifts with regard to the different-substituent thiazole ring. On the other hand, the CH 3 asymmetric and symmetric stretching frequencies are observed experimentally and also calculated theoretically. All these results are in good agreement with the literature values [21, 23, 24] . Other essential characteristic vibrations of the title compound as rocking, bending, scissorsing, out-of-plane bending, wagging, twisting, breathing are compared in Table 3 . As seen, the experimental frequency values are in good agreement with the frequencies calculated by B3LYP methods. Theoretical structure. We noted that the experimental results belong to the solid phase and the theoretical calculations belong to the gaseous phase. In the solid state, the existence of the crystal field along with intermolecular interactions have connected the molecules together, which results in the differences of bond parameters between the calculated and experimental values. Some selected geometric parameters are listed in Table 2 , and the theoretical values are compared with the X-ray experimental data. This calculated geometric parameters generally give bond lengths that are slightly larger than the experimental values. The largest differences between the experimental and calculated bond lengths, bond and torsion angles are 0.044 Å and 0.047 Å, 1.50°, and 1.25°, 4.89° and 4.89° for B3LYP/6-311G** and B3LYP/6-31G** respectively. The considerable differences between the calculated and experimental data on the bond lengths and bond angles correspond to the SC bond, CNC dihedral and CCCS torsion angles. As a result, the optimized bond lengths obtained by the B3LYP/6-311G** method and dihedral angles obtained by the B3LYP/6-31G** method show the best agreement with the experimental values.
Conformational analysis. Based on the B3LYP/6-311G** and B3LYP/6-31G** optimized geometry, the total energy of the title compound has been calculated by these two methods and the values are -1152.908 au and -1152.731 au respectively. In order to define the preferential position of the benzene ring with respect to the cyclobutane ring, a preliminary search of low-energy structures was performed using AM1 and PM3 computations as a function of the selected degree of torsional freedom T(C13-C10-C1-C6). According to the X-ray crystallographic study, the T(C13-C10-C1-C6) torsion angle is -42.1(2)°; the same torsion angle is observed as -40.866°, -40.905°, -40.000°, and -44.860° in the B3LYP/6-311G**, B3LYP/6-31G**, AM1, and PM3 optimized geometry of the title compound respectively. and PM3 optimized geometries of the crystal structure of the title compound, corresponding to the non-planar conformation, are the most stable conformations, which agrees with the result obtained from the X-ray investigation. The molecular energy can be divided into bonded and non-bonded contributions. The bonded energy is considered to be independent of torsional angle changes and therefore vanished when relative conformer energies are calculated. The non-bonded energy is further separated into torsional steric and electrostatic terms [25] . Since the title compound contains no intramolecular hydrogen bond, it can be deduced from the computational results that the most stable conformer of the title compound is principally determined by the non-bonded torsional energy term affected by packing of the molecules.
The Mulliken atomic charges of the title compound were calculated at B3LYP/6-311G**, B3LYP/6-31G** levels and illustrated in Table 4 . Atomic charge analysis revealed that charge distributions of the N1 atom and the sum of atomic charges in phenyl (Cg(3)) and thiazole (Cg(2)) rings are -0.31, -0.33, and 0.12 for the B3LYP/6-311G** level respectively. The calculated results show that the N atom has a bigger negative charge than some of the other atoms. In addition, the calculated atomic charge of the C8 atom is also -0. 26 . The atomic charge analysis shows that the C8 atom behaves as a strong donor in the intermolecular C8-H8B…Cg(2) interaction, and also there is a Cg…Cg (face-to-face) interaction between the Cg(2) and Cg(3) ring centroids.
Molecular electrostatic potential. The molecular electrostatic potential (MEP) is related to the electron density and is a very useful descriptor to determine sites for electrophilic attack and nucleophilic reactions as well as hydrogen bonding interactions [26] [27] [28] . The electrostatic potential V(r) is also well suited for analyzing processes based on the recognition of one molecule by another, as in drug-receptor and enzyme-substrate interactions, because it is through their potentials that the two species first "see" each other [29, 30] . Being a real physical property, V(r) can be determined experimentally by diffraction or computational methods [31] .
To predict reactive sites for electrophilic and nucleophilic attack for the title molecule, MEP was calculated at the B3LYP/6-311G** optimized geometry. The negative regions of MEP were related to electrophilic reactivity and the positive regions to nucleophilic reactivity shown in Fig. 5 . As can be seen from the figure, there is a possible site on the title compound for electrophilic attack. The negative region is located on the unprotonated nitrogen atom of the thiazole ring, N1 around the phenyl ring, with a maximum value of -0.02221 au. However, the maximum positive region is located on the methyl group, probably due to hydrogen, with a maximum value of 0.03221 au. This results provide information concerning the region where the compound can interact intermolecularly and bond metallically. Therefore, Fig. 5 confirms the existence of the intermolecular C8-H8B…Cg(2) interaction. Frontier molecular orbital analysis. Fig. 5 shows the distributions and energy levels of HOMO-1, HOMO, and LUMO computed at the B3LYP/6-311G** level for the title compound. The calculations indicate that the compound has 89 occupied molecular orbitals (MOs). The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), energy gaps, and total energies for the mentioned molecule were calculated and are given in Table 5 . An electronic system with a larger HOMO-LUMO gap should be less reactive than the one having a smaller gap [32] . The differences between HOMO and LUMO energy values of the molecule are 5.372 eV, 5.390 eV for B3LYP/6-311G** and B3LYP/6-31G** methods respectively, as seen in Table 5 . The absorption peaks are experimentally observed at 239 nm and 226 nm for the title compound. It can be seen that these peaks correspond to n → π* and π → π* transitions. Electron transfer (ET) peaks for the B3LYP/6-311G** and B3LYP/6-31G** levels are theoretically at 232 nm, 224 nm and 231 nm, 223 nm to correspond to the UV-Vis spectral absorption peaks, and the corresponding electron transfers happened between HOMO and LUMO, HOMO-1 and LUMO respectively. The larger theoretical absorption wavelengths of the compound have slight blueshifts comparing with the corresponding experimental ones. Thermodynamic parameters of the title compound. Several thermodynamic parameters have been calculated using B3LYP/6-311G** and B3LYP/6-31G** levels as and are given in Table 6 . The total energies, zero-point vibrational energy (ZPVE), entropy (S vib (T)), and heat capacity (C vib (T)) of the title compound at 298.15 K temperature and 1 atm pressure obtained with different basis sets and theoretical methods are also presented. ZPVE obtained by the B3LYP/6-311G** method is much lower than that obtained by the B3LYP/6-31G** method. They are 228.823 kcal⋅mol -1 and 230.231 kcal⋅mol -1 by B3LYP/6-311G** and B3LYP/6-31G** respectively. The dipole moment obtained at the B3LYP/6-311G** level is the highest one (0.9472 D), and the value obtained at the B3LYP/6-31G** level is 0.8258. Therefore, the results of the energies, dipole moment, entropy, heat capacity, and ZPVE can be useful to the new synthesis of some molecules that include the thiazole core.
CONCLUSIONS
In this study, to test the DFT level with different basis sets reported, the computed and experimental geometric parameters, vibrational frequencies, and frontier molecular orbitals of the title compound have been compared. Furthermore, the analysis of the low-energy structures was performed using AM1 and PM3 computations as a function of the selected degree of torsional freedom T(C13-C10-C1-C6) and several thermodynamic parameters. To fit the theoretical frequency, frontier molecular orbitals, ZPVE, entropy, and heat capacity results with the experimental ones for the B3LYP levels, we have multiplied the data. The multiplication factor results gained seemed to be in good agreement with experimental ones.
